Constant light conditions (LL) carry a risk of disrupting the biological clock of developing animals. Our purpose in this study was to investigate what disorders occur in animals receiving an LL stress during the late embryonic and suckling periods as compared with animals housed in dark-light (14 h-10 h) conditions (DL). In addition, we examined ameliorating effects against the disorder by the oral administration of lutein as an antioxidant. LL caused hypertrophy of the spleen and induced a higher expression of serotonin transporter (5HTT) in the corpus striatum and hippocampus in 15-day-old pups. In 9-week-old offspring, LL caused abnormal behavior in the elevated plus-maze test. The expression levels of 5HTT in the brain of the LL group changed to lower than those in DL group. The oral administration of lutein lessened the abnormality in behavior and 5HTT expression in the hippocampus to a certain degree although the expression levels of 5HTT in the corpus striatum were not altered by lutein diet. LL also induced disorders in the maternal brain with lower expression levels of 5HTT and neuregulin 1. These results indicate that LL during the perinatal periods may induce some neuronal abnormalities in both offspring and mothers that may be partially ameliorated by dietary lutein as an antioxidant.
Animals possess an inherent biological clock that controls their circadian rhythms. The main clock, present in the sprachiasmatic nucleus (SCN), works in intimate relation to photoreception and pineal gland functions. The circadian rhythms play an important role not only in adjustments of peripheral clock gene expressions (5) but also in the endocrine regulation of neurotransmitters (17, 23, 25) . Many developing tissues, including the brain, are physiologically vulnerable to prenatal and early neonatal stresses (2, 10, 14) . It is well known that constant light stress irregularly affects the central biological clock in the SCN and disrupts circadian rhythms (15, 16) . Premature babies are housed so long in neonatal intensive care units under almost constant light conditions (LL) which may disturb the SCN. However, it is not well understand what disorders occur in the developing brain to affect their behavior. Animal experiments are indispensable to reveal the disorders caused in the offspring from being subjected to LL during late gestational and lactating periods. In the regulation of circadian rhythms by SCN signals, melatonin is primarily synthesized in the pineal gland during the night with a day-night rhythmicity and plays important roles in the function of other circadian clock cells (25) by working as a neuronal or neuroendocrine signal. The human SCN develops rapidly during late gestation and the first few months after birth, increasing in cell number and size (27) . It is known that the melatonin rhythmicity develops more slowly in premature babies Yeast Co., Ltd., Tokyo, Japan) as a floor mat; they were placed in a room with a controlled temperature (24-25°C) and relative humidity (55%). Spontaneously delivered pups were weighed and assigned at random order to each foster mother at birth in order to average the variance in the maternal mice. Mice at late pregnancy were assigned to one of 4 groups for a two-way ANOVA analysis of LL and lutein-diet administration. The 2 groups were kept under 24-hour constant light conditions (LL) during the gestational and suckling periods, and the other 2 groups were kept under 10-hour light 14-hour dark cycles (DL). Two groups (one from each light schedule) received a 0.2% lutein-containing AIN93 diet (lutein), and the other 2 groups received a nonlutein containing AIN93 diet (control) but were given soybean oil instead (Table 1) . These diets continued throughout the experiment. The pups were weaned on day 22 after birth. Pups of all groups were kept under 12 h light 12 h dark conditions until 9 weeks of age just after weaning. Lutein 20S (marigolds extract) was a generous gift from Kyowa Wellness Co., Ltd. (Tokyo, Japan) with Miyako Kagaku Co., Ltd. (Tokyo, Japan) as the agency.
Behavioral analyses by elevated plus-maze test.
The plus-maze consisting of 2 open arms and 2 closed arms was arranged in a plus formation and joined by a central square region. The arms were 6 cm in width, 60 cm in length, and 60 cm in height. Mice at 9 weeks of age were placed individually in the central square region and allowed to explore the apparatus for 300 s. The amount of time spent in the open arms and the number of entries into the closed arms were counted.
Real-time quantitative RT-PCR analysis of mRNA.
Mice (at 15 days or 9 weeks of age) from each group were sacrificed by decapitation under deep anesthesia using diethyl ether. Brains were immediately removed, placed in RNA later (QIAGEN, Tokyo, JAPAN), and stored at −80°C until their use following overnight refrigeration. The spleens were also weighed as a peripheral inflammatory index (12) . Total RNA was purified using a QuickGene RNA tissue kit S (FUJIFILM, Tokyo, Japan) and RNase-free DNase set (TaKaRa, Shiga, Japan) with the nucleic acid isolation system QuickGene-810 (FUJIFILM, Tokyo, Japan) according to the manufacturer's instructions. cDNA synthesis (240 ng of total RNA per 20 μL reaction mixture) was performed using the Primethan in full-term babies (11) . Therefore, there is a possibility that LL conditions during the perinatal stage may disturb the development of a circuit between the SCN and pineal gland which maintains an adequate level of melatonin secretion. Besides its role as a neuroendocrine signal, melatonin can act as an antioxidant. Therapeutic administration of melatonin has been shown to protect against the induction of oxidative stress following neural tissue injury and to prevent congenital malformations of the fetal brain caused by maternal hyperhomocysteinemia in rats (3) . Melatonin was also effective in the prevention of inflamed and oxidative stress caused by total body irradiation (8, 21) . These findings suggest that other anti-oxidative nutrients and supplements may improve neonatal noxious stress induced by a melatonin-reduced condition, such as the LL stress. Orally available antioxidants are rather popular in the market place. It may be clinically significant to test those antioxidants for which pharmacological roles are well confirmed. Lutein, a carotenoid present in high amounts in marigolds and spinach, exerts protective functions in adult humans as an antioxidant that decreases the risk of cataracts (6) . In a pilot study using human full-term newborns, the administration of lutein resulted in an increase in the levels of biological antioxidant potential and a decrease in the total hydroperoxide of the plasma (19) . These results suggest that the early administration of lutein may protect newborns and mothers from perinatal oxidative stresses like LL. In this study, we revealed for the first time a fluctuation in mRNA levels of a serotonin transporter (5HTT) in the brain and behavioral disorders of the offspring along with a decreased mRNA level of neuregulin1 in the maternal brains arising from a constant light condition during the late embryonic and suckling periods. We further focused on the available effects of dietary lutein on mRNA expression levels and behavioral disorders caused by LL stress both in offspring and/or mothers.
MATERIALS AND METHODS
Animals. This study was approved by the Hokkaido University Animal Committee; all animals were maintained in accordance with the Hokkaido University guidelines for the care and use of laboratory animals. Late gestational C57BL/6J Jms Slc inbred mice, purchased from Sankyo-Labo-Service Co., Ltd. (Tokyo, Japan), were individually housed in plastic cages. The cages contained Palsoft (Oriental formed under the following conditions: an initial denaturation at 95°C for 30 s followed by 40 cycles of a combination of denaturation at 95°C for 5 s and annealing-extension at 60°C for 32 s with a final cooling to 4°C. All reactions were conducted with Premix Ex Taq Perfect Real Time RR039A (TaKaRa, Shiga, Japan) according to the manufacturer's instructions. The relative expression level of the mRNA was calculated using the comparative Ct method by subtracting the Ct value of the β-actin mRNA from the Ct value of the target mRNA.
Statistical analyses. Differences among experimental groups were analyzed using two-way and one-way ANOVA followed by the post hoc test for statistical analyses. The difference among means was considered significant at P < 0.05 and was considered as tending to differ at P < 0.10. All data are expressed as mean ± standard error of mean (SEM).
RESULTS

Body weight and tissue size of spleen
As shown in Fig. 1A and 1B, the body weights of pups at 15 days and 9 weeks of age did not differ among the groups. However, the relative size (% weight) of the spleen compared to body weight (Fig. 1C) was significantly larger in pups from the LL-stressed group (LL-control) than in those from the DL groups (DL-control and DL-lutein) at 15 days, indicating that the LL stress induced hypertrophy of this organ. Although the relative size of the spleen in the LL-lutein group was not significantly lower than that of the LL-control group, lutein feeding tended to reduce spleen size in the LL-stressed offspring.
Behavioral tests
An elevated plus-maze test was performed using 9-week-old offspring. The frequency of entry into Script RT reagent kit (Perfect Real Time) RR037A (TaKaRa, Shiga, Japan) according to the manufacturer's instructions. Real-time quantitative PCR was performed using ABI 7300 (Life Technologies, Carlsbad, CA, USA), and the expression of the serotonin transporter (5HTT) gene was evaluated in each brain segment. Expression of the housekeeping gene β-actin was assessed as a control. In our preliminary study, the relative expression levels of other housekeeping genes at 15 days after birth-such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and hypoxanthine phosphoribosyl transferase (HPRT)-were approximately equal to that of β-actin in a cerebral cortex, but not in a hippocampus region (data not shown). We therefore selected β-actin as a housekeeping gene. A TaqMan primer and probe set for each gene was designed according to the GeneBank accession number by Biosearch Technologies Japan (http://www.btjkk.co.jp). The sequences of the primers and the probe used in this study are shown in Table 2 . Real-time quantitative PCR was per- 
Real-time quantitative PCR analysis
Real-time PCR analysis of the corpus striatum in 15-day-old offspring showed that the expression levels of 5HTT mRNA in the LL groups were significantly (1.7 times) higher than those in the DL groups (Fig. 3A) . At 9 weeks of age, in contrast, the 5HTT expression levels in the corpus striatum of the LL groups were significantly lower (P = 0.0403) than those in the DL-control group (Fig. 3B) . Lutein adthe closed arms and the duration of stay in the open arms are shown in Fig. 2A and 2B , respectively. The number of entries into the closed arms in the LLcontrol group was significantly higher than that in the DL-control group, indicating that neonatal LL stress induced some anxiety-like behaviors in the offspring (Fig. 2A) . The number of entries into the closed arm in the LL-lutein group was significantly lower than that in the LL-control group and was almost the same level as those in the DL-groups, indicating that the lutein administration showed some ability to alleviate the anxiety caused by the LL stress. In Fig. 2B , the average time of stay in the open arms was shortest in the LL-control group but Fig. 1 Body weight and relative spleen sizes of offspring. Body weights at 15 days (A) and 9 weeks of age (B) do not differ among any groups. Relative sizes of the spleen (C) in the LL-control group are significantly larger than those in the DLcontrol and DL-lutein groups (P < 0.05). All data are presented as means ± SEM (n = 5 in 1A and 1C; n = 6-8 in 1B). Different letters refer to significant differences (P < 0.05) by analysis of one-way ANOVA with post-hoc tests. Fig. 2 Behavioral evaluation using the standard elevated plus maze. A: LL stress increases entry counts on the closed arm in 9-week-old offspring, and lutein diet normalizes to the same level with the DL-control group. Different letters refer to significant differences (P < 0.05) by analysis of one-way ANOVA with post-hoc tests. B: The time length of staying in the open arm. Although there was no statistical significance among the groups, LL stress tended to decrease the time (LL cont), while a lutein diet (LL lutein) tended to restore it to the same level as DL groups. All data are presented as means ± SEM (n = 6-8).
ministration to non-stressed mice (DL-lutein) significantly reduced the expression to the same levels as the LL groups (Fig. 3B ), but the reason for this decrease was unclear. In the hippocampus, the 5HTT expression levels of the LL groups were not different from those of the DL groups in 15-day-old pups (data not shown) but showed a tendency to be lower (P = 0.089) than those of the DL groups in 9-weekold offspring (Fig. 3C) .
Real-time PCR analysis of the maternal corpus striatum showed that the expression levels of 5HTT tended to decrease in the LL groups (P = 0.09; Fig. 4A) . Unexpectedly, lutein feeding reduced the 5HTT expression level in the DL-lutein group (Fig. 4A) . We next measured the expression levels of neuregulin 1 in the maternal brain because neuregulin 1 was reported to be a stress-relating factor in the brain of maternal rats (28) . Thus, the expression levels of neuregulin 1 mRNA in the hippocampus of the maternal mice were significantly lower in Fig. 3 Expression levels of the serotonin transporter (5HTT) in the brain of offspring. All of the relative expression levels of 5HTT are normalized with the expression in the DL-control group. A and B: LL stress increases the expression level of 5HTT mRNA in the corpus striatum at 15 days of age (A), while LL stress decreases it at 9 weeks of age (B). Although a lutein diet does not affect the expression of 5HTT in LL groups (LL lutein), it decreases the expression in 9-week-old offspring. C: 5HTT expression in the hippocampus of offspring at 9 weeks of age. LL stress decreases the expression level in the LL-control group. Different letters in B refer to significant differences (P < 0.05) by one-way ANOVA analysis. All data are presented as means ± SEM (n = 4-5 in A, n = 5-7 in B and C). higher in stressed mice than in non-stressed mice, while the 5HTT levels at 9 weeks of age were significantly lower in offspring from the LL-stressed group (Fig. 3B) . A consideration of constant light through the perinatal period may make the brain lose its ability to regulate 5HTT expression levels, thereby inducing abnormal behavior even in adult offspring. The elevated expression of 5HTT to uptake serotonin at 15 days of age may be partially explained by the LL-induced inhibition of the conversion of serotonin to melatonin and ensuing increase in serotonin in loco.
Our data showing the decrease in 5HTT in the adult stage agrees with previous studies reporting a connection between an anxiety-like behavior and low 5HTT expression. Line et al. (13) reported that mice genetically over-expressing 5HTT have less anxiety-like behavior, while 5HTT knockout mice showed an increase. Anxiety-like behavior was also reported in relation to decreasing 5HTT levels in mice; in fact, thalamic 5HTT levels have been associated with the stress hormone response and anxiety in humans (20) . Thus, low levels of 5HTT may be a key condition required to induce anxiety-like behaviors in adult offspring. Interestingly, Ansorge et al.
reported that the transient inhibition of 5HTT during early development with fluoxetine, a commonly used selective serotonin re-uptake inhibitor, produced abnormal emotional behavior in the adult stage (1), suggesting that disorders of the serotonin concentrations in the developing brain may induce behavioral abnormalities in adults.
There is a possibility that maternal stress may induce abnormalities in the brain of offspring. Bogoch et al. reported that when three different types of stress (restraint, forced swimming, and saline injection) were given to mothers of rats in random order from days 17 to 22 of gestation, anxiety-like behavior and abnormal hippocampal gene expressions occurred in their 23-day-old offspring (4). In the present study, we demonstrated that LL significantly reduced the expression levels of neuregulin 1, a regulator of neuroendocrine response to stress (28) , in the hippocampus of stressed mothers. In addition, the expression level of 5HTT tended to be lower in the LL groups than in the DL groups in the corpus striatum of the stressed mothers. These data suggest that mothers were also stressed by LL, and the suffering of pups under LL conditions may be both personally induced and from stressed mothers.
Regarding the positive effects of lutein, it is known that orally-fed lutein is absorbed both in humans and rodents (7, 18, 22) . Lutein may be taken the LL-groups than in the DL-groups (P = 0.013) (Fig. 4B) , suggesting that LL also affects the function of the maternal brain. The expression levels of 5HTT in the hippocampus and neuregulin 1 in the corpus striatum did not differ among maternal groups (data not shown).
DISCUSSION
The birth rate of very low weight babies (below 1000 g) has increased almost 2-fold over the last 20 years in Japan. These premature babies are kept in neonatal intensive care units often under almost constant light conditions; however, the behavioral and physiological disorders of the babies and grown offspring are not well understood. There is growing concern that a poor quality of diets and disruption of lifestyles, such as day-night reversal, might lead to some abnormalities in behavior, including sudden aggressive behavior, withdrawal, anxiety, and depression.
The present study showed that the relative sizes of the spleen from 15-day-old pups in the LL-control group were significantly larger than those in the DL groups (Fig. 1B) , suggesting that continual lighting might cause some noxious stimuli in stressed pups. The spleen is a crucial secondary lymphoid organ functioning against circulating infectious agents. Sympathetic nerve endings contact immune cells within the spleen, particularly in T cell-and macrophage-rich areas. Neurotransmitters are released from the nerve terminals and stimulate these immune cells via specific receptors on the surface of the cells (26) . Lietzmann et al. (12) reported that the spleen size can be compared to a switchboard monitoring peripherally derived neuroendocrine-immune mediators and keeping close communication with the central stress response via its sympathetic innervation. Although we did not determine directly inflammatory responses caused by the constant light stress, some inflammation-like responses may occur in stressed pups.
As one LL-induced abnormal behavior, we found here for the first time that constant light during the late gestational and suckling periods induced an anxiety-like behavior in grown offspring. Although it is not easy to explain the underlying mechanism responsible for this abnormal behavior, we can relate it to fluctuations in 5HTT levels in the brain. This fluctuation in the LL-stressed offspring occurred not only during the neonatal period but also at the adult stage. Namely, the 5HTT level in the corpus striatum at 15 days of age was significantly REFERENCES by suckling pups through the breast milk of a lutein-fed mother because the dietary lutein was detected in the stomach content of the 15-day-old pups (unpublished data). As indicated in the RESULTS, the expression levels of 5HTT in the corpus striatum were lower both in the mothers and the 9-weekold offspring in the DL-lutein group. It is difficult to explain why lutein administration in the DL group reduced 5HTT levels; however, it could possibly be due to a mechanism common in neonatal offspring and mothers. Further investigations including the determination of optimum dosages of lutein are encouraged.
The present study revealed the positive effect of lutein against LL stress. The protective effect of lutein against oxidative damage has been shown in several reports. DNA damage was induced in an in vitro study by reactive nitrogen species-donors in human eye-neuroblastoma cells, and the primary DNA damage that was assessed using a comet assay was protected by the lutein when the cells were exposed to reactive nitrogen donors (24) . An in vivo study using a murine model of uveitis induced by lipopolysaccharides (LPS) showed that the oral intake of lutein increased the reduced capacity of oxygen radicals, including glutathione concentration, peroxidase-activity, and the activity and mRNA expression levels of superoxide dismutase (9) . This suggests that the antioxidant property of lutein protects against LPS-induced uveitis, partially through intervention of the inflammation process. In the present study, the hypertrophy of the spleen in LL was ameliorated by lutein, indicating that the positive effect on the expression of 5HTT by lutein in LL may be regulated through the processes of antioxidation and anti-inflammation.
In conclusion, we have demonstrated for the first time that constant light during the fetal and suckling periods induces abnormal expressions in the 5HTT both in stressed mothers and their offspring; that an inability to regulate 5HTT levels in the brain may associate with abnormal behavior in offspring; and that dietary lutein may partially ameliorate the abnormal behavior. However, the underlying mechanism linking the abnormal 5HTT levels to the loss of plasticity in the adult after neonatal stress remains unclear. More detailed and refined experiments are required to understand gene expression in relation to epigenetic or metabolic changes in the brain, blood, and sensory systems.
